We study antimony doping effects in the iron-based superconductor CaFe(Sb x As 1−x ) 2 by using the first-principle calculation. The calculations reveal that the substitution of the doped antimony atom into As of the chainlike As layers is more stable than that in FeAs layers. This prediction can be checked by experiments. Our results suggest that doping homologous elements into the chainlike As layers existing only in novel 112 system is responsible for rising up the critical temperature. We discuss antimony doping effects on the electronic structure. It is found that the calculated band structures with and without the antimony doping are similar to each other within our framework.
The discovery of the iron-based superconductor LaFeAsO 1−x F x has attracted much attention because of the high superconducting transition temperature. 1) Many different families of iron-based materials have been found, such as REFeAsO (1111 type), 1) AEFe 2 As 2 (122 type), 2) AFeAs (111 type), 3) and FeSe (11 type) 4) and so on, which contain rare-each (RE), alkali-earth (AE), and alkali (A) elements. The maximum superconducting transition temperature T c is 55K and all the iron-based superconductors consist of FeAs (FeSe) layers and various kinds of blocking layers.
Recently, the discovery of the novel 112-type iron arsenides of Ca 1−x La x FeAs 2 , Ca 1−x Pr x FeAs 2 and Ca 1−x Re x FeAs 2 (RE = Ce, Nd, Sm, Eu, and Gd) have received considerable attention. [5] [6] [7] The crystal structure of the 112-type iron arsenides is monoclinic and consists of alternately stacked FeAs and arsenic zigzag bond layers. Very recently, it was reported that the simultaneous doping of isovalent P or Sb drastically improves the superconductivity in the La-doped 112 phase. 8) In addition, a large amount of Sb doping leads to a further increase in T c to 47 K. 9) Kubo et al. found that the enhancement of superconductivity originates from the enlargement in the lattice parameter b, which increases the As-Fe-As bond angle to be closer to the ideal tetrahedron value. 10) We note that the T c increase by the antimony substitution does not occur in any other iron pnictides. In order to understand the mechanism of the enhancement of T c , we need to know where the antimony is substituted, since there are two possible Sb substitution points; the chainlike As layer and the FeAs layer.
The electronic structure of CaFeAs 2 was investigated by two groups using the first-principle calculations. In this paper, we perform first-principle calculations to investigate antimony doping effects on CaFe(Sb x As 1−x ) 2 . Consequently, we find that the antimony tends to be substituted into the chainlike As layers, not the FeAs layers, since the energy of the Sb substitution into the chainlike As layers is 0.63eV per 2 × 2 × 1 supercell of CaFeAs 2 lower than that into the FeAs layer. In these calculations, we optimize the lattice parameters and atom positions. In the case of the antimony substitution into the chainlike As layer, we observe an increase in the lattice parameter b. This result is consistent with the experiments. We also show the difference of the band dispersions with and without the Sb substitution.
Here, we briefly show the present calculation techniques. The calculation package employed throughout this paper is VASP, 12) which adopts PAW method 13) and GGA exchangecorrelation energy. 14) In order to examine where the antimony is substituted, we prepare 2 × 2 × 1 supercell of Ca 8 Fe 8 SbAs 15 as shown in Fig. 1 . The chemical formula is given by CaFe(Sb x As 1−x ) 2 , in which x = 0.0625. We opti-mize the crystal structure of CaFe(Sb x As 1−x ) 2 until the forces on all atoms become less than 0.01 eV/Å. We relax atom positions, unit cell shape, and unit cell volume. The parameter set in the DFT calculations are given as follows. k-points are taken as 10 × 11 × 8, and the self-consistent loops are repeated until the energy deviation becomes less than 10 −7 eV with the cut-off energy being 600 eV. Now, let us discuss the calculated crystal structure of CaFe(Sb 0.0625 As 0.9375 ) 2 . The obtained lattice parameters are summarized in Table I . The parameters in the experimental structure for Ca 1−x La x FeAs 2 was reported in Ref. 5 . It should be noted that the lattice parameter c in the optimized crystal structure is smaller than that obtained by experiments, which is usually found in iron-based materials. This might be originated from the fact that the Van der Waals force can not be accurately taken into consideration by the DFT calculation in the layer-type materials. We find that the antimony tends to be substituted into the chainlike As layer, since the calculated energy of the antimony substitution into the chainlike As layers is 0.63eV per 2 × 2 × 1 supercell of CaFeAs 2 lower than that into the FeAs layer. Focusing on the crystal structure with the antimony substitution into the chainlike As layer, the lattice parameters a and b increases with the antimony doping. The calculation suggests that the unit volume also increases with the antimony doping, since the value of the c axis in the antimony doped system is similar to that in the optimized system. The calculations reveal that the substitution of the doped antimony atom into the chainlike As layers is more stable than that in FeAs layers. This prediction can be checked by experiments. Our results suggest that the chainlike As layers, existing only in novel 112 system, have crucial role for increasing the critical temperature.
Phenomenologically, it is known that the T c of the ironbased superconductors is optimized around the anion height of 1.38 Å, or the As-Fe-As bond angle of 109
• . 10, 16) From this viewpoint, T c increase may be expected more when antimony substitution occurs in the chainlike As layer, because in this case the height decreases from 1.418 Å toward 1.38 Å, and the angle increases from 108.079
• toward 109
• . However, there are exceptions for these phenomenological rules of optimizing T c , and it is not certain whether the rules apply to the present material. Therefore, we need to see how these changes in the lattice parameters affect the electronic structure in the following.
We first study the Fermi surfaces for the parent compound CaFeAs 2 . We use the structural parameters obtained by the experiment in Ref. Next, let us discuss antimony doping effects on the electronic structure. To calculate the band structure of the parent compound CaFeAs 2 , we use the structural parameters obtained by the experiment in Ref. 5 . Note that we do not use the optimized structure, since the lattice parameters obtained by the optimization are much differ from those obtained by the experiment. Thus, the optimization technique does not allow to evaluate accurately the electronic structure. To assess the electronic structure of the antimony doped compound, we modify the the structural parameters of the parent compound obtained by the experiment. With fixing the ratios of a 0 /a Sb , b 0 /b Sb , c 0 /c Sb , and h 0 /h Sb , we adopt the lattice parameters of the 2 × 2 × 1 supercell of CaFeAs 2 are a = 7.939243 Å, b = 7.810799 Å and c = 10.317950 Å. Here, a 0(Sb) , b 0(Sb) and c 0(Sb) are the lengths of the unit cell, and h 0(Sb) is the anion height from Fe layer in parent (Sb-doped) compound, respectively. This treatment with fixing ratios of the lattice parameters and the anion height was used in the calculation to discuss the pressure effect in other pnictides.
18) The band structures are obtained in folded Brillouin zone of the su- Table I . Calculated crystal structure of CaFe(Sb 0.0625 As 0.9375 ) 2 with and without the antimony substitution. "x %" denotes that the length becomes large by x percent from the experimental value.
Experimental structure 5) percell. We show the unfolded and folded Brillouin zones at k z = 0 in Fig. 3 . The symmetric points in the triclinic Brillouin zone are Γ = (0, 0, 0), B = (1/2, 0, 0), F = (0, 1/2, 0) and G = (0, 0, 1/2). In this Brillouin zone, there are the verynarrow cylindrical Fermi surfaces on the Γ-F line. In the case of the antimony substitution with the use of the above technique, the band along G-Γ-line shifts, where the size of the three-dimensional Fermi surface becomes relatively large as shown in Fig. 4 . These results suggest that the calculated band structures with and without the antimony doping are similar to each other. In terms of the enhancement of T c with the antimony doping, there are three possibilities of the role of antimony doping effects as follows. First, there is a possibility that these small change of the band structure brings the large increase of T c . A theoretical microscopic calculation is required, such as solving the Eliashberg equations. The second possibility is that the T c enhancement in this material is not related to the change of the band structure. One might have to consider the local change of the electronic states which is hard to be treated by the band calculation and/or the possibility of the increase of the electron-electron interaction due to the antimony doping. The third one is the possibility that the adopted lattice parameters with fixing the ratios of the structural parameters is not suitable to describe the electric structure with and without the antimony doping. It is important to find out the appropriate structure which can describe the electric structure with the antimony doping correctly. It remains as a future work. Finally, let us comment on the possible role of the chainlike As layers. Along the Γ-F line, there is a steep band intersecting the Fermi level, which originates from the As-p orbitals of the chainlike layers as shown in Fig. 5 . This means that the chainlike As layers in this material are not insulating. This is unusual compared to other iron-based superconductors, where the superconducting transition temperature becomes higher when the "insulating" layer between the FeAs layers is more insulating. This also might be of some importance to understand the relatively high T c of CaFeAs 2 .
In summary, we studied the antimony doping effect in the iron-based superconductor CaFe(Sb x As 1−x ) 2 with the use of the first-principle calculation. The calculations revealed that the substitution of the doped antimony atom into the chainlike As layers is more stable than that in FeAs layers. This prediction can be checked by experiments. Our results suggested that the chainlike As layers, which exist only in novel 112 system, have crucial role for increasing the critical tempera- 
